An LC postcolumn derivatization method for determination of polythiols has been developed. This method involves separation using reversed-phase LC, postcolumn derivatization with N-(1-pyrenyl)maleimide, and excimer fluorescence detection. Analytes with a polythiol structure were converted into corresponding polypyrene-labeled derivatives, and the derivatives exhibited intramolecular excimer fluorescence (440 -520 nm). In this study, dimercaprol and dithiothreitol were used as model polythiols. This polythiol analysis method is simple; it is also highly selective and sensitive and yields good calibration curves.
Introduction
Intramolecular disulfides, such as cysteine-containing peptides and lipoic acid-related compounds play an important role in our body. For example, oxytocin and vasopressin are known as peptide hormones having womb muscle shrinkage action and antidiuretic action, respectively. Therefore, many determination methods for them have been reported: such as gas chromatography 1 and some liquid chromatography (LC) methods with electrochemical detection 2, 3 and mass spectrometry. 3, 4 In addition, various fluorescence derivatization reagents such as monobromobimane, 5, 6 o-phthalaldehyde, 7, 8 and 4-(aminosulfonyl) 7-fluoro-2,1,3-benzoxadiazole 9, 10 are commercially available and widely used for the sensitive LC determination of related compounds. However, to the best of our knowledge, there are no reports on the selective and simple determination of polythiols.
We have developed several highly selective and sensitive methods for determining polyfunctional compounds by LC with intramolecular excimer-forming derivatization and fluorescence detection. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Pyrene-containing precolumn derivatization reagents such as 4-(1-pyrene)butanoic acid N-hydroxysuccinimide ester, [11] [12] [13] 18 4-(1-pyrene)butanoyl chloride, 14, 17, 19, 21 4-(1-pyrene) butanoic acid hydrazide, 15, 16, 20 N-(1-pyrene)iodoacetamide, 22 and N-(1-pyrenemethyl)iodoacetamide 22 were reacted with corresponding reactive functional groups of target molecules. The resulting polypyrene-labeled derivatives exhibited intramolecular excimer fluorescence at wavelength of 440 -520 nm, which was a significant shift towards longer wavelengths when compared to those of derivatization reagents and monopyrene-labeled derivatives (360 -420 nm). Therefore, the † To whom correspondence should be addressed. E-mail: masayama@fukuoka-u.ac.jp selective determination of polyfunctional compounds was possible even in complex samples containing monofunctional compounds. [11] [12] [13] [14] [15] [20] [21] [22] However, precolumn derivatization procedures, such as the addition of reagents, heating, and neutralization before injection, are required, even though the excimer fluorescence derivatization method is selective and sensitive. Therefore, a simple and convenient procedure is desired for analysis.
In this paper, we describe a highly selective and simple method for the determination of polythiols based on LC with postcolumn excimer fluorescence derivatization using N-(1-pyrenyl)maleimide (NPM) as a derivatization reagent with a pyrene structure (Fig. 1) . NPM is one of the most popular fluorogenic reagents for the LC analysis of thiols used in both postcolumn [23] [24] [25] [26] and precolumn reactions; [27] [28] [29] [30] [31] however, excimer fluorescence detection has not been carried out until now. Dimercaprol (BAL) and dithiothreitol (DTT) were used as model polythiols to optimize the separation and derivatization conditions. The method presented in this paper is the first report on intramolecular excimer-forming fluorescence detection with postcolumn derivatization.
Experimental

Reagents and solutions
All chemicals otherwise stated below were of the highest purity available, and were used as received. BAL and DTT were obtained from Tokyo Chemical Industry (Tokyo, Japan) and Nacalai Tesque (Kyoto, Japan), respectively. All organic solvents were of LC grade. NPM ( Fig. 1 ) was purchased from Sigma Aldrich (St. Louis, MO, USA) and used without further purification. These reagents and solvents are toxic to the eyes, lungs, and skin and should be carefully handled according to the guidelines provided in the latest material safety data sheets. Ultrapure water, further purified using a Milli-Q Gradient System (Millipore, Billerica, MA, USA), was used for all aqueous solutions.
Stock solutions (10 mM) of polythiols and cysteine were prepared in methanol and water, respectively, and stored at 4°C. These solutions were stable for at least 1 week, and were diluted further with aqueous 15% (v/v) methanol to the required concentrations before use. The LC mobile phase was prepared by dissolving 0.372 g of ethylenediamine-N,N,N′,N′-tetraacetic acid disodium salt (EDTA·2Na) and 0.242 g of tris(hydroxymethyl) aminomethane (TRIS) to 170 mL of water and adding 30 mL of methanol. An NPM solution (50 mM) was prepared in acetonitrile. The mobile phase and NPM solution were usable for at least 3 days when prepared in the respective lightproof bottles. Figure 2 shows a schematic diagram of the postcolumn LC fluorescence derivatization system. We used an isocratic LC system consisting of a Jasco (Tokyo, Japan) PU-1580 pump equipped with a Rheodyne (Rohnert Park, CA, USA) Model 7725i sample injector valve (5-mL loop) for a chromatograph, an additional Jasco PU-1580 pump for NPM solution delivery, a Jasco DG-1580-53 on-line degasser, an LC column, a GL Science (Tokyo, Japan) T-type PEEK connector, a reaction coil, a Jasco 860-CO column oven, a Waters (Milford, MA, USA) 2475 spectrofluorometer fitted with a 8-mL flow-cell, and a Hitachi (Tokyo, Japan) D-2500 chromato-integrator. Polythiols were separated on an ODS column, XBridge C18 (150 × 3.0 mm i.d.; particle size, 5 mm; Waters), by isocratic elution with aqueous 15% (v/v) methanol containing 5 mM EDTA·2Na and 10 mM Tris as the mobile phase. The flow-rate of the mobile phase was set to 0.4 mL/min, and the column temperature was ambient (23 ± 3°C). The effluent from the LC column was mixed with 50 mM NPM delivered at a flow-rate of 0.4 mL/min by a T-type connector. Thereafter, the mixture was passed through a reaction coil (10 m × 0.5 mm i.d., PEEK tubing) in an oven and heated at 50°C. The fluorescence detector was operated at excitation and emission wavelengths of 345 and 485 nm (excimer fluorescence detection), respectively, and the slit-widths of both Fig. 2 Schematic diagram of LC with a postcolumn derivatization and excimer fluorescence detection system. P1 and P2 represent the LC pumps; DG, the degasser; I, the injector (5-mL loop); Column, the analytical column; M, the T-type mixing connector; T, the reaction tubing; Oven, the reaction oven; FD, the fluorescence detector; Rec, the integrator; E, the mobile phase; R, the NPM solution.
LC with a postcolumn derivatization system
monochromators were set to 20 nm. For a comparison, the pyrene monomer fluorescence was monitored at wavelengths of 345 and 375 nm, respectively.
Method validation
In order to obtain the validation parameters, peak heights estimated automatically with a baseline-to-baseline method were used for the quantification of all thiols. For the quantitative analysis of polythiols, eight calibration solutions (n = 3 each) with a concentration range from 0.05 to 10 mM (0.05, 0.1, 0.2, 0.5, 1, 2, 5, and 10 mM) were prepared by diluting the stock solutions. The equations of the calibration curves were calculated by least squares linear prediction. Precisions (intra-day and inter day) of the present method were determined throughout the full analytical procedures (preparations of the mobile phase and NPM solution and LC injection) using a standard mixture (5 mM each). The intra-day and inter-day precisions were assessed by 831 ANALYTICAL SCIENCES JUNE 2009, VOL. 25 performing an analysis five times on the same day and by analysis on five different days in a month, respectively. The detection limits were determined as the lowest concentrations at which the signal-to-noise ratio was 3. Figure 3 shows typical chromatograms obtained using a standard mixture of BAL and DTT detected at monomer and excimer fluorescence regions. Cysteine was used as a model monothiol for comparison. When detected in the monomer fluorescence region (Em, 375 nm), a good separation of BAL, DTT, and cysteine was achieved within 10 min on the ODS column by using aqueous methanol containing EDTA and Tris as the mobile phase (Fig. 3A) . However, as shown in Fig. 3B , cysteine did not show any peak in the excimer fluorescence detection (Em, 485 nm). Furthermore, cysteine-containing peptides, such as oxytocin, vasopressin, and vasotocin (having a disulfide structure within a molecular) could afford respective peaks under the present postcolumn LC with excimer fluorescence detection (data not shown), when they were reduced with tributylphosphine to dithiols before LC injection. Thus, this postcolumn excimer fluorescence derivatization method permits highly selective detection of polythiols and intramolecular disulfides in samples containing monothiols. In addition, this method is simple, and therefore it should be applicable to the routine analysis of polythiols.
Results and Discussion
Selective detection of polythiols
Optimization of derivatization and separation
Optimization studies for derivatization and separation were carried out in order to maximize the fluorescence peak heights, signal-to-noise ratios, and resolution of the two observed peaks. We examined the optimum types and concentrations of organic solvents (methanol, ethanol, acetonitrile, and tetrahydrofuran; 2 -25% (v/v)) and additives (acetic acid, boric acid, EDTA·2Na, The selected optimum derivatization parameters described in the Experimental section were almost similar to those of previous postcolumn NPM methods. [23] [24] [25] [26] However, in the analysis of polythiols, the selectivity and sensitivity were greatly improved because the emission wavelength observed in the present method was red-shifted by ca. 100 nm, as compared to that of previous monothiol analysis methods. Because NPM reacts rapidly and quantitatively with thiols under alkalescence conditions, we used a mixture of EDTA·2Na and free Tris base as the mobile phase. The pH value of mobile phase used in this method was ca. 8.2, and therefore an XBridge C18 column was used for the separation. Table 1 presents the analytical validation data obtained in this method. The relationships between the amounts of BAL and DTT and their peak heights were linear over the concentration range of 0.05 -10 mM in the standard solution (0.25 -50 pmol per 5-mL injection volume); the linear-correlation coefficients were both 1.000 (n = 3). The intra-and inter-day precision values were established by repeated determinations (n = 5) using a mixture of standard BAL and DTT (5 mM, 25 pmol each per 5-mL injection volume); the relative standard deviations of the intra-and inter-day precision were within 3.3 and 7.9%, respectively. The detection limits (signal-to-noise ratio = 3) were less than 0.16 pmol per 5-mL injection volume, as can be seen in Table 1 .
Method validation
The proposed polythiol analysis method is simple; it is highly selective, highly sensitive, and yields good calibration curves. Hence, this method will be useful in biomedical and clinical investigations of polythiols including BAL and DTT and intramolecular disulfides, such as cysteine-containing peptides and lipoic acid-related compounds. These investigations are currently in progress.
